The Sn-Cu alloy is a typical rod-like eutectic system. The eutectic Cu 6 Sn 5 phase is a minor phase exhibiting a rod-like structure. The volume fraction of this eutectic Cu 6 Sn 5 (f ECu6Sn5 ) is characterized as a function of copper content and growth velocity using an image analyzer. The volume fraction variation of the eutectic Cu 6 Sn 5 relative to copper content is classified into three regions depending on the solidified structure. In the primary ¢-Sn + eutectic structure and primary Cu 6 Sn 5 + eutectic structure regions, the f ECu6Sn5 increased with increasing growth velocity, independent of the copper content. These were qualitatively explained by the undercooling for the growth of both phases. On the other hand, in the eutectic structure region, the f ECu6Sn5 increased with copper content, independent of the growth velocity. The mechanism for the volume fraction change of the eutectic Cu 6 Sn 5 under this growth condition was discussed. In order to exhibit the eutectic structure even for the off-eutectic composition, the volume of eutectic Cu 6 Sn 5 was primarily altered by their changed rod diameters.
Introduction
There has been considerable research focused on the eutectic solidification structure. These eutectic microstructures are classified into two groups, dependent upon the volume fraction of a minor phase, namely a lamellar eutectic or a rod eutectic structure. 1) Even in the same alloy, the eutectic structure is known to change from a rod to lamellar structure depending on the solidification conditions. 2, 3) When the growth velocity was decreased, the rod structure changes to a lamellar configuration. Previous research has reported that the aspect ratio of eutectic Ag 3 Sn increased with decreasing growth velocity in the unidirectional solidification of a Sn-Ag eutectic alloy. 4) Furthermore, Cooksey et al. reported that the rod structure changes to lamellar in the region of the eutectic cell's boundary in the case of an impure eutectic system. 5) Mollard and Flemings studied the eutectic structure in Sn-Pb alloys and noted a morphology change from lamellar to rod when the Pb content was increased. 6, 7) This change in morphology may be due to a volume change in the eutectic structure; however, they did not mention the mechanism in detail.
In this study, the relation between the solidification conditions and volume ratio of the minor phase in the eutectic region of Sn-Cu binary alloys has been examined. The main parameters for this include the copper content in the Sn-Cu alloys and the growth velocity of the unidirectional solidification process.
Experimental Procedure
The Sn-Cu alloys were prepared from pure Sn and Cu. The purity of both were 99.99 mass%. Alloys with varied copper contents were melted in an alumina crucible under an argon flow. The molten metal was kept at 400°C for 1800 s and was sucked into a glass tube with a 4 mm inner diameter. The molten metal was rapidly solidified in the glass tube, guaranteeing the solute content uniformity in the sample. These bars were the raw materials for the unidirectional solidification described below. Figure 1 shows a schematic view of the unidirectional solidification apparatus. This is a typical Bridgman-type furnace, which was home-built, and it enables an independent control of the growth velocity and temperature gradient. The Ar gas was introduced from the top of the furnace to prevent oxidation of the sample.
The raw material was placed in an alumina tube, the outer and inner diameters of which were 8 mm and 5 mm, respectively. The temperature of the furnace was kept constant during the experiment, and measured by a chromel-alumel thermocouple in the middle of the furnace. The sample was drawn downwards at a pre-determined velocity. In this study, in order to ensure a steady state, the withdrawal length was fixed at 100 mm. The growth velocities used in this study ranged from 1.67 µm/s to 55.6 µm/s. The temperature gradient near the eutectic temperature was approximately 4.7 © 10 3 K/m. After the drawing process, the sample was dropped into a water bath to quench the solid-liquid interface. The alumina tube was intentionally crushed when the sample fell in order to increase the cooling rate. The solidified structure was then observed on the longitudinal and horizontal cross section. In this study, the horizontal cross section, which was located approximately 20 mm below the solid liquid interface, was primarily used for analyzing the eutectic structure. After polishing with an alumina slurry, the sample was further polished by colloidal silica. Then the sample was observed by an optical microscope and a field emission-scanning electron microscope (FE-SEM). The volume fraction of the eutectic Cu 6 Sn 5 was quantitatively analyzed using an image analyzer. Figure 2 shows the typical horizontal cross sections of the three solidified structure alloys at a growth velocity of 55.6 µm/s. In the case of the Sn-0.61 mass% Cu alloy, the primary ¢-Sn dendrites and interdendritic eutectic structures were observed in Fig. 2(a1) . At the primary ¢-Sn periphery, the size of the eutectic Cu 6 Sn 5 structure was relatively large. However, outside of this area, a uniform eutectic structure was observed. An enlarged view of the eutectic region is shown in Fig. 2(a2) . The rod-like eutectic Cu 6 Sn 5 were dispersed within a matrix of eutectic ¢-Sn.
Experimental Results

Solidified structure
In the case of the Sn-0.98 mass% Cu alloy, a eutectic structure without any primary crystals was seen in Fig. 2(b) . Some angular primary Cu 6 Sn 5 were found in the horizontal cross section of the Sn-2.02 mass% Cu alloy as shown in Fig. 2(c1) . The primary Cu 6 Sn 5 occasionally exhibited an H-shape or hexagonal-based hopper shape as shown in Fig. 2(c1) . These primary facet crystals were surrounded by a ¢-Sn halo. Furthermore, the eutectic structure was observed outside this halo. The eutectic structures shown in Fig. 2 are fine and exhibit a fibrous eutectic Cu 6 Sn 5 dispersed in a ¢-Sn matrix. The distribution of this eutectic Cu 6 Sn 5 appears to be random.
Enlarged views of the eutectic structure regions of horizontal cross sections are shown in Fig. 3 . The growth velocity of these samples was 1.67 µm/s. In these samples, there was no primary phase, and it was considered that the growth conditions fell in the coupled zone, even if the composition was off-eutectic. The eutectic Cu 6 Sn 5 was dispersed in the eutectic ¢-Sn matrix. In the case of the Sn-0.61 mass% Cu alloy, the eutectic Cu 6 Sn 5 was rod-like and randomly distributed. On the other hand, in the case of a higher Cu content (0.98 or 2.02 mass% Cu) some of the eutectic Cu 6 Sn 5 exhibited a plate-like structure, aligned in the same direction as the observation range. It may be inferred that the eutectic Cu 6 Sn 5 and ¢-Sn matrix have a specific, preferred crystallographic orientation. The aspect ratio of the eutectic Cu 6 Sn 5 was observed to increase with increasing Cu content. Therefore, the volume fraction of the eutectic Cu 6 Sn 5 appeared to increase with increasing Cu content. Figure 4 shows the eutectic structure of the Sn-0.98 mass% Cu alloy as a function of growth velocity (V). In these solidified structures, no primary phase was found, with all horizontal cross sections consisting of the eutectic structure. The rods of the eutectic Cu 6 Sn 5 were dispersed in the eutectic ¢-Sn matrix. The diameter of the eutectic Cu 6 Sn 5 decreased with increasing growth velocity. When the growth velocity was large (V = 5.56 µm/s and 55.6 µm/s), the cross section of the eutectic Cu 6 Sn 5 revealed circular shapes, and these were dispersed randomly in the matrix. In contrast, when the growth velocity was low (1.67 µm/s), the shape of the eutectic Cu 6 Sn 5 was elongated and aligned unidirectionally due to the surface tension anisotropy. 
Volume fraction of the eutectic Cu 6 Sn 5
The volume fraction of the eutectic Cu 6 Sn 5 in the eutectic region was quantitatively analyzed. The cross sections of the eutectic Cu 6 Sn 5 were carefully traced by hand, with their area analyzed using an image analyzer. Following a predetermined method, 8) a measurement area that included at least 20 rods of the eutectic Cu 6 Sn 5 was analyzed. Five measurements were taken under the same experimental conditions with the average values used in this study. The volume fractions of the eutectic Cu 6 Sn 5 in the eutectic structure (f ECu 6 Sn 5 ) were then investigated as a function of the copper content and growth velocity. The relationship between the copper content and the f ECu 6 Sn 5 is classified into three groups depending on the solidified structure. Previously, the evolution of the solidified structure in this alloy system was studied for its unidirectional solidification. 9) Depending on the copper content and growth velocity, the solidified structure could be classified as the following three groups: (1) the primary ¢-Sn + eutectic region, (2) the eutectic region, and (3) the primary Cu 6 Sn 5 + eutectic region. Thus, the f ECu 6 Sn 5 change relative to copper content was also classified according to the solidified structure.
The primary ¢-Sn + eutectic region
In this solidification range, the relation between the initial copper content and the f ECu 6 Sn 5 is shown in Fig. 5 . In this figure, the volume fraction was estimated from the equilibrium phase diagram (2.05%), which is indicated by a dotted line. 8) Almost all results were larger than the equilibrium value, and the f ECu 6 Sn 5 appeared nearly constant with respect to the copper content. This value purely depended upon the growth velocity. The relationship between the growth velocity and f ECu 6 Sn 5 is shown in Fig. 6 , with the f ECu 6 Sn 5 increasing with increasing V. Figure 7 shows the relationship between the initial copper content and the f ECu 6 Sn 5 when the eutectic structure appeared without any primary crystals. Here again, the estimated value from the equilibrium phase diagram is also indicated by a dotted line. For this condition, there was some scatter in the experimental data, although the f ECu 6 Sn 5 increased with increasing copper content. The linear regression is shown as the thick dotted line. The f ECu 6 Sn 5 was lower than the equilibrium value when the copper content was lower than the eutectic composition.
The eutectic region
The primary Cu 6 Sn 5 + eutectic region
The relation between the copper content and f ECu 6 Sn 5 is shown in Fig. 8 . All experimental data were higher than the equilibrium value. Furthermore, there was some scatter in the experimental data, while the f ECu 6 Sn 5 was nearly constant when the growth velocity was fixed, regardless of copper content in this range of the experiment. Furthermore, the relationship between the growth velocity and f ECu 6 Sn 5 is shown in Fig. 9 . Again, there is some scatter; however, the f ECu 6 Sn 5 is seen as constant regardless of the growth velocity.
Discussion
The undercooling for the ¢-Sn formation is known to be large. It was recently found that the melt indicated a 1030°o f undercooling before the formation of the ¢-Sn in the Snbased alloy.
1012) After nucleation, the temperature increased to a value close to its liquidus temperature, indicating that the undercooling for ¢-Sn growth was small. In this study, the unidirectional solidification was adopted; therefore, this technique can eliminate the nucleation problem.
As previously explained, there were three typical solidified structures in this alloy system. In this section, the mechanism for the eutectic structure formation is discussed separately, depending on the typical solidified structure.
The primary ¢-Sn + eutectic region
In this region, a primary ¢-Sn appeared as a dendrite structure. The ¢-Sn rejects Cu in the liquid phase and the average copper content in the liquid increases as the solidification process progresses. Finally, when the copper content in the liquid, along with the temperature, reach the eutectic point, the eutectic solidification begins in the interdendritic region. Thus, the volume fraction of the eutectic Cu 6 Sn 5 may not depend on the initial copper content if the undercooling of the eutectic growth can be neglected. As shown in Fig. 6 , the f ECu 6 Sn 5 increased with the growth velocity. This may be due to the undercooling difference between the growth of the ¢-Sn and Cu 6 Sn 5 in the eutectic solidification. In general, the undercooling for the crystal growth increases with increasing growth velocity. 13, 14) This rule can be also applied to the eutectic growth. As indicated by Verhoeven, the undercooling for the growth of a facet phase is larger than that of non-facet phases. 15) Thus, the growth temperature of the ¢-Sn at a growth velocity of V 1 is lower than the equilibrium value, which is indicated by the thin dotted line in the phase diagram (Fig. 10) . Here, the undercooling for the ¢-Sn growth is assumed independent of the copper content. Thus, this line is parallel to the ¢-Sn liquidus line. In the same manner, the growth temperature of the Cu 6 Sn 5 at a growth velocity of V 1 is shown in this figure. Again, here the undercooling for the Cu 6 Sn 5 growth is assumed to be independent of the copper content. Since the amount of undercooling for the Cu 6 Sn 5 growth may be larger than the ¢-Sn at the same growth velocity, the crossing point of both lines, which is similar to a quasi-eutectic point, shifts towards the direction of higher copper content and lower temperature, as shown by the thick arrows; this shift became significant when the growth velocity was high. The crossing point (E V1 ) may be the apparent eutectic point at the growth velocity of V 1 . As the copper concentrations in the ¢-Sn and Cu 6 Sn 5 at T = T 1 is equivalent to the ¢-Sn and Cu 6 Sn 5 at T = T e , the volume fraction of the eutectic Cu 6 Sn 5 at T = T 1 is then calculated using the lever rule. Thus, the eutectic Cu 6 Sn 5 fraction may increase with increasing undercooling or growth velocity. As a direct consequence of these results, the f ECu 6 Sn 5 increase with increasing growth velocity in the primary ¢-Sn + eutectic region is reasonable.
4.2
The eutectic region (coupled zone) 4.2.1 Influence of copper content on the eutectic Cu 6 Sn 5 volume fraction When eutectic structures are obtained, even for an offeutectic composition, the fractions of both phases can be estimated by the lever rule. According to this idea, at any composition, it will be a quasi-eutectic point, which is schematically indicated in Fig. 11 . If the composition of the alloy is C A , the volume fraction of the Cu 6 Sn 5 in the eutectic structure can be obtained as OA OC , assuming that the ¢-Sn and Cu 6 Sn 5 phases are independent of the initial copper content, where OA and OC are defined in Fig. 11 .
According to this alloy's equilibrium phase diagram in the literature, 16) the copper content in the ¢-Sn at the eutectic temperature is regarded as zero. Thus, the mass ratio of Cu 6 , respectively. 17, 18) Neglecting the volume expansion coefficient, the relation between the initial composition (C 0 ) and volume fraction of the eutectic Cu 6 Sn 5 at the eutectic temperature can be obtained by the following equation:
The solid line in Fig. 12 shows the relationship between the copper content and the f ECu 6 Sn 5 , along with the experimental data. The experimental results are slightly higher, but the slope of the line respective to the copper content is in agreement with the estimated value. Strictly speaking, the density of the Cu 6 Sn 5 is uncertain because Bornemann and Sauerwald measured Sn-Cu alloy densities but did not measure the intermetallic compound density. 18) Furthermore, the thermal expansion coefficient of Cu 6 Sn 5 is not reported. Considering these uncertainties, the eutectic Cu 6 Sn 5 volume Fig. 10 Concept of growth temperature in non-facet ® facet eutectic system as a function of growth velocity. Note that it is assumed that the growth temperatures do not depend upon the copper content. fraction can therefore be estimated by the lever rule in the coupled zone.
Mechanism for the eutectic Cu 6
Sn 5 volume fraction change As mentioned previously, the volume fraction of the eutectic Cu 6 Sn 5 increases with increasing Cu content in the eutectic region. Here, the mechanism for this volume fraction change in the eutectic Cu 6 Sn 5 relative to copper content is discussed. To increase the volume fraction of the rod-like eutectic Cu 6 Sn 5 in an eutectic structure with increasing copper content, there may be two possibilities at a constant growth velocity. The first possibility is that the number of eutectic Cu 6 Sn 5 per unit area increased without changing the fibrous Cu 6 Sn 5 diameter, i.e., the eutectic Cu 6 Sn 5 spacing decreased as the copper content increased. The second possibility is that the eutectic Cu 6 Sn 5 diameter increased without changing the number of eutectic Cu 6 Sn 5 per unit area.
To confirm these two possible options, the number and diameter of the eutectic Cu 6 Sn 5 were characterized. The relation between the copper content and number of eutectic Cu 6 Sn 5 per unit area (=¯) is shown in Fig. 13 . This indicates that the number of eutectic Cu 6 Sn 5 depend on the growth velocity, but their number is almost constant with respect to the copper content. The relation between the growth velocity and number of eutectic Cu 6 Sn 5 per unit area is shown in Fig. 14 . This indicates that the number of eutectic Cu 6 Sn 5 can be expressed by the growth velocity without using the copper content and their number is proportional to V 1.0 , i.e., the inter-rod spacing is proportional to V 0.5 . This functional relation to the growth velocity is consistent with the literature data on the eutectic structure spacing. 1, 19, 20) Figure 15 shows the relationship between the copper content and diameter of the rod-like eutectic Cu 6 Sn 5 . Here, the equivalent circle diameters were characterized. The experimental data has some scatter, but the diameter of the eutectic Cu 6 Sn 5 was found to increase with increasing copper content. The relationship between growth velocity and eutectic Cu 6 Sn 5 diameter is shown in Fig. 16 . Here, the diameter of the eutectic Cu 6 Sn 5 decreases with increasing growth velocity. Essentially, the diameter of the eutectic Cu 6 Sn 5 is proportional to V ¹0.5 , in agreement with the Diameter of Eutectic Cu experimental results obtained for the Sn-0.9 mass% Cu alloy reported by Grugel and Brush. 21) These data indicate that the eutectic Cu 6 Sn 5 diameter can be expressed by both the growth velocity and the copper content.
Therefore, in the case of a constant growth velocity, the number of eutectic Cu 6 Sn 5 per unit area did not depend on the initial copper content, but the eutectic Cu 6 Sn 5 diameter was dependent on the copper content. The reason for the increased eutectic Cu 6 Sn 5 diameter with increasing Cu content can be described below.
Under the eutectic growth conditions, the lateral diffusion of the solute is a primary mechanism, 1) because the ¡ and ¢ phases grow side by side. Thus, the diffusion in the lateral direction is vital. A schematic of the Cu distribution near the eutectic interface is shown in Fig. 17 . Here, two cases are indicated, with line (a), represented by a solid line, showing the Cu content along the A-AA in the low Cu content case. In contrast, line (b), represented by a broken line, shows the same in the high Cu content case. Since the Cu solubility in ¢-Sn is actually zero, Cu is rejected as the eutectic ¢-Sn growth proceeds. The amount of Cu buildup near the eutectic interface is high when the Cu content is high. Therefore, the Cu lateral flux is large when the initial Cu content is high, as the Cu gradient near the eutectic interface is steep, as indicated on the right hand side of Fig. 17 . Thus, the lateral growth of the eutectic Cu 6 Sn 5 is increased, resulting in the growth of the rod-like Cu 6 Sn 5 diameter.
On the other hand, the influence of the growth velocity on the eutectic Cu 6 Sn 5 diameter may be considered as follows: the copper flux from the liquid phase to the eutectic Cu 6 Sn 5 increased with decreasing growth velocity because the time needed for diffusion increased. However, this effect does not depend on the Cu content. Thus, to change the eutectic Cu 6 Sn 5 volume fraction, the diameter of the rod-like eutectic Cu 6 Sn 5 will change according to the Cu content.
The primary Cu 6 Sn 5 + eutectic region
As some researchers have indicated, when a primary phase is a facet, a non-facet phase sometimes appears as a halo around the primary facet phase.
2224) The Sn-Cu alloy is a typical facet/non-facet system, and halos of ¢-Sn were usually found around the primary Cu 6 Sn 5 . A typical example observed in the horizontal cross section of a Sn-2.02 mass% Cu alloy at a growth velocity of 55.6 µm/s is shown in Fig. 2(c) . Under the unidirectional solidification condition, the residual liquid should be the eutectic composition after the growth of the primary Cu 6 Sn 5 . However, the primary Cu 6 Sn 5 rejects Sn during growth, increasing the amount of rejected Sn near the primary Cu 6 Sn 5 . Then, the ¢-Sn nucleates on the primary Cu 6 Sn 5 , growing as a halo. As this halo formation is a non-equilibrium process, the average copper composition in the liquid after halo formation increased higher than the equilibrium eutectic composition. Thus, to adjust the composition change in the liquid, the eutectic Cu 6 Sn 5 volume fraction may then shift from the equilibrium value. Since the copper content is higher than the eutectic value, the volume fraction became higher than the equilibrium one.
It has been reported that the halo fraction increased with increasing solute content in case of hyper-eutectic alloy. 23, 24) Furthermore, halo fraction slightly increased with increasing the growth velocity. According to these results, the residual liquid composition after the halo formation may increase with increasing Cu content and growth velocity. Thus, it may be deduced that f ECu 6 Sn 5 may increase with increasing C 0 and V. However, in the range of present study, such a tendency was not observed as shown in Figs. 8 and 9 . These should be investigated in future. 6 Sn 5 relative to copper content In the course of this study, the volume fraction of the eutectic Cu 6 Sn 5 did not depend on the growth velocity but did depend on the copper content. This finding is important for understanding the solidified structure in eutectic systems. The growth velocity is a very important factor for determining the solidified structure, such as the primary phase formation or determining the coupled zone. Since the effect of copper composition on the solidified structure is important, the average volume fraction with respect to the growth velocity is shown in Fig. 18 . Here, the data are classified according to the solidified structure, namely, the primary ¢-Sn + eutectic, the eutectic, and the primary Cu 6 Sn 5 + eutec- tic regions. In the case of the primary ¢-Sn + eutectic region, the f ECu 6 Sn 5 is larger than the equilibrium value and is nearly constant with respect to copper content. In this region, the f ECu 6 Sn 5 increased with increasing growth velocity. This is because of the undercooling difference for the growth of ¢-Sn and Cu 6 Sn 5 . In the case of the coupled zone, the f ECu 6 Sn 5 increased with increasing copper content. This change is attributed to the increased diameter of the eutectic Cu 6 Sn 5 .
Volume fraction change of the eutectic Cu
For the primary Cu 6 Sn 5 + eutectic region, the f ECu 6 Sn 5 is larger than the equilibrium value and is almost constant with respect to both the copper content and growth velocity. This is due to the formation of a halo around the primary Cu 6 Sn 5 .
Conclusions
Using Sn-Cu alloys, the relationship between the volume fraction of rod-like, eutectic Cu 6 Sn 5 and the solidification conditions was investigated.
(1) The variation of the eutectic Cu 6 Sn 5 volume fraction (f ECu 6 Sn 5 ) relative to copper content is classified into three regions, according to the solidified structure. (2) In the primary ¢-Sn and eutectic region, the f ECu 6 Sn 5 increased with increasing growth velocity, but remained constant with respect to the copper content. This is due to the undercooling difference for growth of non-facet (¢-Sn) and facet (Cu 6 Sn 5 ) phases. (3) In the eutectic region or coupled growth region, the f ECu 6 Sn 5 increased linearly with increasing copper content. The mechanism for this was explained as the eutectic Cu 6 Sn 5 diameter increased with increasing copper content without changing the density of rod-like Cu 6 Sn 5 . (4) In the primary Cu 6 Sn 5 and eutectic region, the f ECu 6 Sn 5 was higher than the equilibrium value and remained constant with respect to the copper content and growth velocity. The ¢-Sn appears on the primary Cu 6 Sn 5 as a halo, increasing the copper content in the residual liquid phase.
